A new trichloroethylene ͑TCE͒ sensor was developed by using a Pb-modified graphite strip electrode in an organic solution. The major factors of preparing electrode or sensing characteristics such as electrolyte concentration, electrodeposition current density, electrodeposition time, and temperature, for preparing electrodes, were explored. The results show that both the electrodeposition current density and time have a major and positive effect on the sensing reaction, while the electrodeposition temperature shows a negative effect. The best electrodeposition condition and electrolyte composition were obtained. Additionally, the optimal sensing condition is Ϫ2.10 V sensing potential ͑vs. Trichloroethylene ͑TCE͒ is a widely used organic solvent in industries such as electronic manufacturing, semiconductor process, plastics production, and organic synthesis. However, TCE is a hazardous material. People suffering from moderate exposures experience symptoms which are similar to alcohol inebriation, narcotic effects, and ventricular fibrillation, and at higher concentrations, death occurring after heavy exposure. Furthermore, TCE is also found to induce hepatocellular carcinomas.
Trichloroethylene ͑TCE͒ is a widely used organic solvent in industries such as electronic manufacturing, semiconductor process, plastics production, and organic synthesis. However, TCE is a hazardous material. People suffering from moderate exposures experience symptoms which are similar to alcohol inebriation, narcotic effects, and ventricular fibrillation, and at higher concentrations, death occurring after heavy exposure. Furthermore, TCE is also found to induce hepatocellular carcinomas. 1 Consequently, many countries have regulated to detect and monitor TCE in order to improve their environment and health care concerns in factories and industry.
In the past, TCE concentration measurement was carried out directly by polarography using mercury as the working electrode. 2 However, mercury is a toxic material and causes serious bad effects to the environment. This method of sensing TCE is inconvenient, and not allowable in the field. Currently, many analytical techniques such as titration, 3 chromatography, 4-7 electrochemical method, 8 spectroscopy method, 9-11 photocatalytic method, 12,13 biochemical method, [14] [15] [16] and molecular imprinting method 17 have been applied to measure the concentration of TCE. However, all these methods had some disadvantages, for example, inaccuracy, high costs, poor stability, and long measurement times. Furthermore, all these mentioned analytical instruments cannot, in situ, apply in the field for continuous and automatic monitoring of TCE concentration. Sensors may be the most practical monitor setup because of their convenience, inexpensiveness, accuracy, and automation in situ measurement. Some TCE sensors have been developed such as fiber-opticbased on-line TCE sensor in a column retardation experiment 18 with complicated analysis procedure. The electroanalytical chemistry method with Ag electrode modified by zeolite 19 is unstable to TCE sensing. 20 Therefore, it is necessary to develop a new TCE sensor with good performance, simple structure, and lower cost. The solution composition for electrodeposition of Pb on stainless steel for preparing sensing electrode is recommended as 0.63 M Pb(BF 4 ) 2 , 0.68 M HBF 4 , 0.43 M H 3 BO 3 , and 0.0006 M polyethylene glycol ͑Mw 300͒. 21 In general, Pb has a higher reduction overpotential which can induce the reduction of TCE without other side reactions. However, no or few studies investigated the sensing reaction of TCE by using Pb as working electrode.
In this paper, the structure of the sensor was designed by using an electrodeposited Pb-modified graphite strip as working electrode in organic solution and the characteristics of the developed TCE sensor were explored. 3 CN solution͒ as reference electrode. Additionally, the surface structure of the prepared electrode was characterized with scanning electron microscopy ͑model FE-S 4200, Hitachi, Japan͒ and X-ray diffraction ͑XRD, model D/max 3. V, Rigaku, Japan͒.
Experimental
Preparation of the sensing electrode.-The graphite strip (1 ϫ 13 ϫ 0.3 cm, ED-11 model͒ purchased from Center Carbon Company, Taiwan, was cut and the deposited area 1 cm 2 was controlled by Parafilm. The prepared electrode was used as substrate for electrodeposition of Pb. The electrodeposition step of Pb was accomplished by immersing the graphite strip in 0.1 M HNO 3 aqueous solution, then washing with deionized water. After, the electrodeposition of Pb for preparation of the working electrode was carried out at a desired operating condition and electrolyte composition.
Sensing procedures.-After the sensing system was assembled, the potential was set in the limiting current range. Then, the steadystate amperometric signals, background current, was obtainable. Immediately, a desired concentration of TCE was added into the test chamber and the amperometricly measured current of the working electrode was recorded by a 273A electrochemical analysis system of EG&G Instruments Co. The response current is equal to the measured current minus the background current.
Stability test.-The prepared electrode is kept at room temperature for stability test. The sensing characteristics of the stored electrode are tested after 1, 10, 30, and 60 days.
Results and Discussion
Property of the electrode.-The XRD of Pb modified graphite strip is shown in Fig. 1 . The results show that the prepared modified graphite strip surface has been completely electrodeposited with Pb. Effect of agitation rate.-Effect of agitation rate on both the current density and sensitivity is shown in Fig. 3 . The results show that increasing the agitation rate from 60 to 100 rpm, increases the current density and sensitivity from 220.0 A/cm 2 and 2.2 A/͑cm ppm͒ to 800.0 A/cm 2 and 8.0 A/͑cm 2 ppm͒, respectively. It is reasonable, because in the limiting current range, the reaction is mass-transfer controlled, and the mass-transfer rate increases with the decrease of the boundary layer thickness which is created by increasing agitation rate. However, when agitation rate is higher than 100 rpm, the response current density fluctuates vigorously. Conclusively, the 100 rpm agitation rate is selected as the sensing operation condition in this system.
Effect of TBAT electrolyte concentration.-Effect of TBAT electrolyte concentration on both the current density and sensitivity is shown in Fig. 4 . The results show that increasing the TBAT electrolyte concentration from 0.001 to 0.010 M, increases both the current density and sensitivity from 300.0 A/cm 2 and 3.0 A/͑cm 2 ppm͒ to 800.0 A/cm 2 and 8.0 A/͑cm 2 ppm͒, respectively. However, increasing the TBAT electrolyte concentration from 0.01 to 0.02 M, decreases both the current density and sensitivity from 800.0 A/cm 2 and 8.0 A/͑cm 2 ppm͒ to 600.0 A/cm 2 and 6.0 A/͑cm 2 ppm͒, respectively. Then, the current density and sensitivity are kept almost constant, 600.0 A/cm 2 and 6.0 A/͑cm 2 ppm͒, respectively, at 0.02 M TBAT concentration. The effect of electrolyte concentration on the current density of this study which is of organic solution is similar to the results of the effect of electrolyte concentration on the current density of the organic system reported by Bento et al. 22 Therefore, the results may be explained as follows. At low concentration, the conductivity of electrolyte solution increases with electrolyte concentration which induces the increase of current density. On the other hand, after reaching the maximum current density, the viscosity of the system increases significantly with the electrolyte concentration which induces the decrease of diffusion coefficient of the electroactive species according to the Stokes-Einstein equation. Therefore, the current density decreases with electrolyte concentration and approximately reaches an equilibrium. Consequently, the 0.01 M TBAT is chosen as the sensing electrolyte concentration for this TCE sensor.
Amperometric measurement.-At Ϫ2.10 V ͑vs. Ag/Ag ϩ with 0.01 M TBAP in CH 3 CN solution͒, a typical response current against concentration curve of the prepared sensor indicates that the response current increases sharply after the addition of TCE as shown in Fig. 5 . The result also shows that the response time and increment of response current of the chronoamperometry are almost the same after each step of TCE addition. The stable values of the response currents are plotted against the TCE concentrations resulting in a straight line in the range from 0 to 700 ppm of TCE concentration as shown in Fig. 6 . The equation of linear fitting is y ϭ 7.065x ϩ 8.333 and the R 2 is over 0.99.
Effect of electrodeposition current density.-Effect of electrodeposition current density on both the current density and sensitivity of the TCE sensor is shown in Fig. 7 . The results show that increasing the electrodeposition current density from 5 to 10 mA/cm 2 , increases both the current density and sensitivity from 500.0 A/cm 2 and 5.0 A/͑cm 2 ppm͒ to 800.0 A/cm 2 and 8.0 A/͑cm 2 ppm͒, respectively. It may be explained that increasing the electrodeposition current density increases both the amount of deposited Pb and surface area of sensing reaction which induce the increase of both current density and sensitivity of TCE sensing.
Effect of electrodeposition time.-Both the current density and sensitivity increase with the electrodeposition time as shown in Fig.  8 . For example, increasing the electrodeposition time from 1 to 4 h increases both the current density and sensitivity from 600.0 A/cm 2 and 6.0 A/͑cm 2 ppm͒ to 900.0 A/cm 2 and 9.0 A/͑cm 2 ppm͒, respectively. Effect of electrodeposition time on the response time is shown in Fig. 9 . Increasing the electrodeposition time from 1 to 4 h, increases the response time from 10 to 20 s. The surface morphologies of Pb-modified graphite strip at different electrodeposition time are shown in Fig. 10 . The Pb film thickness increases with deposition time significantly. The sensing results can be explained by the result shown in Fig. 10 , since increasing the electrodeposition time increases the amount of Pb deposited on the graphite strip surface, which causes the increase of diffusion resistance and increases the sensing response time. Accordingly, the response time increases with the electrodeposition time.
Effect of electrodeposition temperature.-Effect of electrodeposition temperature on both the current density and sensitivity is shown in Fig. 11 . The results show that increasing the electrodeposition temperature decreases both the current density and sensitivity. For example, increasing the electrodeposition temperature from 25 to 40°C decreases both the current density and sensitivity from 800.0 A/cm 2 and 8.0 A/͑cm 2 ppm͒ to 400.0 A/cm 2 and 4.0 A/͑cm 2 ppm͒, respectively. The results may be explained by Fig.  12 which shows that the particle size increases with temperature resulting in the decrease of active sensing area and the decrease of current density and sensitivity.
Test of stability.-The stability of the electrode is good. During a 60 day test, the current density and sensitivity of electrode maintain in the neighborhood of 800.0 A/cm 2 and 8.0 A/͑cm 2 ppm͒, respectively, as shown in Fig. 13 . The response time of the prepared electrode maintains within about 15 s during the period of 60 days as shown in Fig. 14 . Accordingly, the stability of prepared electrode has at least 60 days.
Comparison of the experimental results and the theoretical
analysis.-The mechanism of TCE reduction by FeS reductant was proposed by E. C. Butler as shown in Eq. 1 23 
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Since the sensing reaction was mass-transfer controlled and the TCE concentration was less than 700 ppm, the relationship of diffusion current, i d , and the concentration of TCE in the solution, C L , may be expressed as Eq. 2.
where i d is the diffusion current, Z is the number of electron transfer, F is the Faraday constant, A is the area of electrode, and k is the rate constant. Equation 2 implies a linear relationship between TCE concentration and cathodic current. When the sensing conditions Figure 12 . SEM morphology of the Pb-modified graphite strip made from different electrodeposition temperature ͑a͒ 25°C, ͑b͒ 30°C, ͑c͒ 35°C, ͑d͒ 40°C. Electrodeposition conditions: same as Fig. 11 . 
where the number of electric transfer, Z, is 2 and the area of electrode, A, is 1.0 cm 2 . Comparing Eq. 2 and 3, the rate constant k can be obtained to be 4.81 ϫ 10 Ϫ3 /(cm s).
Conclusions
A new TCE sensor using an electrodeposited Pb-modified graphite strip electrode was developed. The results show that the new electrode is a promising TCE sensor. The XRD of the electrode shows that the graphite strip surface is completely covered by Pb. Increasing both electrodeposition current density and time increase the sensing reaction. However, increasing electrodeposition temperature decreases the current density and sensitivity. The optimal electrodeposition conditions are obtained as following: 10 mA/cm 2 electrodeposition current density, 2 h electrodeposition time, 30 rpm agitation rate, 25°C electrodeposition temperature in the 0.63 M Pb(BF 4 ) 2 , 0.68 M HBF 4 , 0.43 M H 3 BO, and 0.0006 M polyethylene glycol ͑Mw 300͒ electrolyte composition. Additionally, the optimal sensing condition is Ϫ2.10 V ͑vs. Ag/Ag ϩ with 0.01 M TBAP in CH 3 CN solution͒ sensing potential, 100 rpm agitation rate, and 25°C sensing temperature with 0.01 M TBAT electrolyte concentration in CH 3 CN solution. The correlation of current density, i d , against TCE concentration, C L , is i d ϭ 7.065 C L in the range from 0 to 700 ppm TCE concentration. Furthermore, the prepared electrode had 15 s response time, and the stability was at least 60 days. The reduction of TCE is a two-electron transfer step and the rate constant, k, is 4.81 ϫ 10 Ϫ3 /͑cm s͒.
